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              Preface
                              ituhe studies presented in this dSssertation have been carried out
 under the direction of Professor Keitaro Hironi at Kyoto University
                            -l
                       '
                         'F• ,                                  .tduring 1972 - 1977.
      During the iast haif of this •eentutY 'there has been a rapid devel-
opment in the fiel4s of pr-otein che;.ni:stry and -en4yme .che.mistry. rt has
been the author's eagerness to understand the specific interaction
betiween preteins at the rnolecular leveZ, nameXy, molecular recognition
oi proteins by protein$, because he believes that it plays significant
roles in the biological PhenOmena.
      rn 1972, a unique protein was isolated by Professor Sawao Murae
and Dr. Sakae Sato from the eulture broth of a strain of StreptonnJces•
This prOtein inhibits strongly and specifieaXly only alkaline serine
proteinases. The studies pre$ented here are concerned with the charac-
terization ef the protein, StTeptomyees subtilisin inhibitor, and with
the melecular aspects of the interaction of the inhÅ}bitor and protein-
ases especially subtilisin BPN'. [Phis inhibitor provides us with a
suitable entity not only for $tudying the protein-protein interaction
but also for rnaking clear an obscure phenomenon that a protein inhibits
Novemb'er 1977 KuniYo Znouye
                                   '
                            Streng Son of God, immortaZ Love.
                               Mzom we. that have not seen thy faee,
                            BJL fatth, and faith aZone, etmb?aee,
                               BeZieving whe?e we eannot prove,
                                               Tennyson, -Zn Memoriam
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 enzyme-inhibitor dissociation constant '
 gnzyme-inhibitor dissociation constant (inhibitor constant)
 etichaeiis constant
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 rate conStant
 weight average molecular weight
 apparent (cell average) weight average molecular weight
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             Chapter One
       General rntroduction
      The naturally occurring protein inhibitors of proteolytic enzynes
are unique materials in biological science. They have the capacity oÅí
combining with and inactivating those proteins that have the capacity of
hydrolyzing and degradÅ}ng one of their own species. The inhibitor,
preteolytic enzyrne, and protein sul)strate have very different roles in
the inhibitory process.
      Within an individuaZ, many homologous and analogous form$ of these
inhibitors may exist in different tissues and Secretions. The hornology
and anaZegy is carried further, Emd indeed is thereby more interesting
scientifically, in that the different inhibitors may 'react with di•ffer-
ent• analogou$ and homoloigous forms of prbteolytic enzyrnes. These horno-•
logous and analogous forms of the inhibitors and the ehzymes provide a
unique opportunity for studying the relationship between the structures
ofi the proteins and the properties required for their interactions. The
reaction between enzyrne and inhibitor results in the formation of a com-
plex of •the two proteins that i$ usually stable over a wide pH range.
Such a system has many charactemstics that lend themselves welsl to
physical-chemical studies and thus provide a useiul tool for the funda-
mentaZ study of specific protein-protein interaction.
      Proteinase inhibitors are widely distributed in both animals and
plants. In plants' they are particular,ly plentiEul in the legumes. Mhe
principal plant inhibitors that have been studied are those from soy-
beanst Zima 'beans, peat potatoes and eggplants; the principal animal
                                -1-
inhibitors that have been studted are those from pancreas, colostrum,
blood plasma, and' avian egg white. Inhibitors have also been found in
ser[uLnal fluid, urine, and ceitain intestinal parasites. Some of these
inhibitors may have an important function in bioZogical controi mecha-
nisms, and may have practical significance in animaZ and huinan nutritzon.
      The disbovery of the inhibitors of proteoZytic enzymes have been
closely related to the history of' the proteolytic enzymes that they
inhLbit. !nhibitors of bovine trypsin and or-chyrnotrypsin were reported
as early as i900. However, the first real understanding of the funda-
mentaJ nature oE the problem began with the crystaZlization of a trypsin
inhibi'tor from bovine pancreas and crystallization of its co:nplex with
trypsin by Kunitz and Northrop (1) in the rnid-1930's. Approximately a
decade later the trypsÅ}n inhibitory activity was neticed Å}n soybeans by
Harn and Sandstedt (2}, and by Bownan (3). This was followed several
years later by the •crystallization of a soybean' inhibitor by Kunitz Åq4).
Ovomucoid from chicken egg white had been regarded as a distinct protein
untii 1947, when •1li.neweaver and Murray detected a trypsin-inhibitory
aetivity in chicken ovomucoid (5). During the next few years inhibitory
activities against proteinases were found in rnany biologicaZ materials
and an excelZent review of inhibitors of proteolytic enzymes was pub-
lished in l9S4 by Laskowski, Sr. and LaskowskÅ}, Jr. {6År. Methods for
the assay and isolation oi a number Qf inhi'bitor was published in l955
by La$kowski, Sr. (7). Duling the ,Zast decade there have been manY in-
vestigations on' these i-nhibi/tors. The most recent work 'is an attempt to
understand the enzyTne-inhibitor interaction and speciticity in'melecular
                                                    '
terns. This apptoach is' recent because, only within the last decade,
the molecular aspects of the enzymes was enough Zearned about and suffi-
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ciently sensitive physicaZ and chemical probes were developed.
      :n M970 the tertiary structure of the bovine pEmcreatic trypsin
inhibitor (Kunitz) was reported by Huber et aZ. (8.9). The tertiary
$tructures of the complex formed by bovSne pancreatic. trypsin inhibitor
 (Kunitz) and bovine trypsin and that forrned by sovbean trypsin inhibitor
 (Kunitz)' and porcine trypsin were reported by Huber and his coworlcers
                         '
 (10) and Blow and his coworkers (11), respectively.
      There are several current reviews of the nutritional {12,13),
pharmacological (14), and generaZ (15-17) aspects oÅí proteina$e inhibi-
tors. The iargest collection of references is the review by Vogel et
aZ. (18). The international conferences on pretein proteinase inhÅ}bi-
                                               'tors have considered the physical-chemical properties of protein-protein
interactzon and the moiecular evolution of proteinsr as well as their
physiological role especially in blood coagulation and fertilization
U 9, 20).
      Xn 1972 a protein proteinase inhibitor was isolated and erystal-
lÅ}zed from the culture broth of Stx,eptomyees aZbogriseoZus s-3253 by
Murao and Sato (21.22). The inhibitor is one of the first protein pro-
  ,texnase inhibitors obtained frem microbe and has a unique inhibitory
specificity towards various proteinases. :t was reported that it inhib-
its only microbiai alkaline serine proteinases represented by sUbtiZisin
                                                                   'BPNt, but not other serine proteinases i.neluding trypsin, chymetrypsin!
pla$ntn and thrombin. rt does not inhibit plant preteinases, ticin and
papam, and also acid proteinases incZuding pepsin and rnicrebial agid
proteinases (Table 1.l} (23).. The inhibitor has been named StreptomyceS
Subtilisin !nbibitor (abbreviated in the following as SSX) after its
inhibitory specificity.
               .
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'TabZe 1.L Inh•ibitory Activity of ss!.
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     a cited froin sato and Murao (l973) (23).
        TAME: tosYl-'rrarginine methyl ester
         StibtilXsin BPN' is one of the best characterized proteinasest as
   weiZ as ct-chymotrypsin and trYpsin, in the sense that the infounation on
   the ptiriary (2'4,25}' aind tertiary (26) structures has beeh"obtained. As
    to SS:, the arnino acid seqrience was determined in !974 bS :kenaka et aZ.
    (Fig. 1.i) (27), ahd the"tertiary structure was recently determined ftom
. X-ray Emtilysis by bditsui et aZ. on the basis of an electron density map
    at 2.3 A resolutton (28,29). As shown in Fig. J.1, SSr is •a single poly-
   peptide eÅí Z13 amino acid residues including two disulfide bridges. 'This
   protein has no isoieucine but contains a large nuruber of alanÅ}ne and val-
    ine. Based on the experiments with ct-chymotrypsin, the susceptible
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Fig. :.1. The arnino acid sequ6nce of
SSX, cited frorn Zkenaka et aZ. (1974) (22).
sidered to be Met 73-Val 74 (27År.
peptide bond te the active site of preteSnase
Met 73--Val 74 and the methionine to be a '
residue (27). The interaction of SS! and
excellent model system for studying the
and speciiÅ}e interaction between proteins which
the biological phenomena. !t can also provide
the catalytic mechanism of proteolytic enzymes,
reaction by proteelytic enzyrnes have so far
using synthetic small substrates, and not
natural substrates.
      rn the present thesis are deseribed
oi Streptomyees Subtilisin lnhLbitor, SSI, and
the inhibitor and proteinases, especiaily '
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       ivhe reactive site is cbn-
       has been considered to be
   reactive {anti-proteinase) site
    subtilisin BPN' can thus be an
  rnolecular aspects of the strong
         play important roles in.
        serne information about
         since the studies' on the
     been rnade exclu$ively by
   physiologically s•ignificant
   physical--chept•cal prQperties
        the interaction between
    subtzlisin BPN'•, at the molec-
ular level revealed by usÅ}ng enzyme .kinetic .and spectrophotometrxc
     '
                                                  +me thods.
      Zn ehapter {Vwo, the stoichiometry of the inhibiYion and binding
of SSI ' against subtÅ}lisin BPN' is described. A molecule of SSI Åqof ll3
aniino acid residues} combines with one molecule of the enzyme and
strongly inhibits it. ,[the inhibiter constant,was estimated to be less
       -9than ZO         M.
      Zn Chapter Three is depicted the determination of the molecular
weights of SSI and nhe complex of SSI and stibtiliSÅ}n BPN' by sedimenta-
tion methed. SSZ was shown to exist in solution as a dimer of identieal
subunÅ}ts. Xt was indicated frorn the molecular weight of the complex
that a djrmer molecule' of SSI combines with two molecules of subtilisin
BPNt.
      In Chapter Four, however, SS: i$ shown to dissociate into monomers
with low concentration of so(li.urn dpdecyl sulfate without loss oi the in-
                           'hibitory activity.
      :n ehapter Five is described the interaction oi SS: with ct-chymo-
  .t
trypsin and trypsin whiah have been reported not to be inhibited by SS:
{TabZe 1.1) (23').' The. hornology between the active-site structures of a-
chymotrypsin• and subtilisin BPN' has been shown by substrate specificity
C30) and by 'X-ray crystallography C31,32) notwichstanding the much dif-
fere,nces in .the origin and the anLno acid sequence. This homology has
been explained by virtue' of the eonvergence in evolution {32-33). SSI
.has been shown in the present study to bind ct-chymotrypsin and inhibSts
its activity• to a'much less extent. SS: appears to recognize the subtle
dif•ference between the actÅ}ve site of the both enzyrnes.
      In Chapter Six, the investigation of •the states of tyrosyl and
                                   -- 6-
tryptophyZ residues of SSX by means of solvent perturbation Emd spectro-
photometric titration at alkaline pH region are described. Three tyice-
syl residueS are aU accessible to alZ of the solvent used. One trypto-
phyl residue is not accessible to polyethylene glyeol, and partially
accessible to methanol and ethylene glycoi. The apparent pK values of
                                                            a
the three tyrosyl residues were deternined separately te be 9.66, 11.02,
and Z2.33.
      In Chapter Seven, the interaction of SSr and subtilisin BPN' is
described. On the formation of the complex between SSr and the enzyme,
4 to 5 tyrosyl and a tryptophyZ residues become inaccessible to ethylene
glycoZt and simultaneously a typical and big abSorptien diiference spec-
trurn due to pKa•-shift oi a tyrosyl residue of apparent pKa 9.7 upwards
to År 11.5 is observed.
      Zn Chapter Eight, by chemical rnodÅ}ficatian studies, it is shown
that this tyrosyl residue belongs to subtilisin BPN' and the pK -shift
                                                               a.
zs resulted from the approach of carboxyl group(s) of SSr on the forma-
tion oE the complex between subtilisin BPN' and SSr.
      In Chapter Nine, the interaction of the tyrosyl residue and carb-
oxyi greup(s) in SSI-subtilisin BPN' systern is compared with that in
SSr-thiolsubtilisin BpN' system. [ehiolsubtilisin BPN' is an artifieial
enzyme obtained by converting the serine residue at the eatalytic site
oE subtilisin BPN' into cysteine. The bincling of SSI and this "cysteine"
enzyme was shown to be ten thousands or more weaker than that of SSZ Euid
subtUisin BPN'. On the binding of thiolsubtilisin BPN' and SSX, the
apparent pKa value of a tyrosyl residue ef the enzyme changes from 9.7
te 10.2• Differences in the dissoeÅ}ation constants and the degrees of
pKa-shiEt between the bindings of subtilisÅ}n BpN' and thiolsubtilisin
                                 -7-
•BPN' with, SSr are corisideted to
  '
Phy Of''the active sit'e's betweet;
fitness 'between /the activ'e site
                      '
'oE $SI for their strong binding
be due to 'a s.ubtle
thosle enzyrnl s. The
Oi sUbtÅ}1'z' sin BpNi
is discussea.
diEferehee in geogta-
 signifiCance ef good








               Chapter Tkao
         The Stoichiometry of Inhibition and Binding of St?epto-
         myces Subtilisin Inhibitor to Subtilisin BPN' k
  2.l Xntroduction
       A protein proteinase inhibitor of unique properties, Stveptomyees
  subtilisin inhibitor, inhibits alrnost exclusively the hydrolytic aetivity
 of the alkaline serine proteinases (23). The author believes that this
 protein is a good object for the comparative studiy of specific protein•-
 lprotein interaction between subtilisin BPN' ahd ct-chyrnotrypsin whose
 three-dimensional structures have been elucidated in detail (26.34) (see
 Chapter Four).
                                            tt
       The term t'protein proteinase inhibitor" refers to a protein which
          .may assoexate reversibiy with one or rnore proteinases to ferm cornplexes
'
 of deserete stoiehiometry in which aZZ of the cataZytic functions of the
 proteinase are eompetttiveZy .inhibited (15).
       In this Chapter the stoichiometry of inhibition and binding of SSI
 to subtilisin .BPN' 4nd some characteristics of nhe inhibitien are de-'
 scribed.
    '
 2.2 Experimental Procedures
 de A Part of this study was presented at the Annual Meetinci ef the Agri-
   cul'tural C,hendcal society of Japan (Tokyo, April 1973), and publishe'd
                                                           -
   in U. Bioehem. (1977) 82, 961-967 (a). ' '
                                  - 9 •-•
       Tnhibitor. A three tirnes cry$tallized and lyophilized preparation
 of St?eptomyees subtilisin inhÅ}bitor, SSI, obtained from the culture
        '
 broth of Stpaeptemyees aZbogriseoZus S-3253 according to the previously
 repotted methed (22.23) was a generous gift from professor S. Murao.
 The ,preparation showed a single band on polyacryiarnide gel electrophore-
 sis either at pH 2.3, 6.6, or 9.5 (23). The TninimaZ molecular weight
 calculated frorn the arnino acid composition Åq27) is 11,500 (Fig. 1.1).
 This value was used t•hroughout the study.
       EV7zyme, A three times crystaZlized preparation of subtiZisin BPN'
. [EC 3.4.21.14] was purehased frern Nagase & Co. Ltd., Osaka (bot No.
 O:026}• and used without further purification. The purity of the enzyine
 preparation was determined as described iater. The molecular weight was
 taken to be 27,500 en the basis of the amine acid composition (24,25).
       Smbstrates. p-Nitrophenyl acetate (pNPA) (Tokyo Kasei Kogyo Co.
'Ltd.) and IV-trans-ciunamoyl imidaz61e (Sigrna ChetaLcal Co.} were used
 without Eurther purificatien. The concentration of pNPA {pK = 7.i4År
                                                            a
 and N-.trans-cinnarnoyl imidazole solutionS were determined spectrophoto-
 metrically at pH 7.00 with e4os = 7.73 x i03 M"lc'm'1 and E33s = 9.04 x
 10 M cm , respectively, after cornplete hydrolysis.
      DeteTmincttion of protein eoneentration. The concentration of sub-
 tilisin BPN' qnd S$! were deterinLned spectrophotometrically at pH 7.00
with a Shimadzu UV-200 recording spectrophotorneter. EIIhe absorptivity oE
 subtnisin BpN' was assumed to be E2'cimi(27s fim) = i.o63 and E2':lt(2so nm)
                                o.Ig
                                          O.1$
=L041, and that of SSI to beE                                 {276 nm) = O.829 and E
                                        (280 nm) =
                                1 cm
                         1 cm
  '
O.796. These values were calculated on the basis of the a=Lno acid com-
positions of these proteins (24,27). The values gf absoxptivity of these
Protein preparatiens observed by the author were as fgllows: EO I' :iX(278 .
                                 '
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nm) = i.o7s and E2':i:(2so nm) = i-066 Eor subtilisin BpN', and E2':k(276
                 o.i$
                     {280 nm) = O.8ZO Åíor SSr.nm} = O.B22 and E
                 1 cm
      DetermCnation of the pur'ity of szthtaZisin BPIV' prepavation. The
pu]ity of the subtilisin BPN' preparation used was determined by the
aetÅ}ve-sÅ}te titration essentially according to the method of Bender et
                                          'aZ. Åq1966) (35) with slight modificatiens. [Dwo kinds of titrant, p-
nitrophenyl acetate (pNPA) and IV-trans-cinnamoyi imidazole were used.
      Equal volurnes of an enzyme solution in 20 mM pyrophosphate buffer,
pH 8.SO and a pNPA solution in water containtng iO.O+ (v!v) isepropanol
were mixed in a Union SF-70 stopped-flow apparatus. Changes in trans-
mittance Emd al)sorbance at 405 nrn due to the liberation of p-nitrophenol
were monitored on an Xwatsu MS-5019A storage oscillesqope, and the reac-
tion proiile was recorded with a camera (as Fig. 2.1). Mhe iinal eon-
centration of the enzyme was in the range of O.70 - 2.0 mg!ml (25.5 -
72.7 yM assurning the enzyme preparation to be IOO$ pure) and that of
pNPA was in the range between O.364TnbC and 1.82 mbE. The rnolar absorptiv-
ity difference between pNPA and p-nitrophenolr AE4os, was deterntned to
                                                                     ,
            4 -1 -ibe 1.76 x 10
              M cm at pH 8.SO.
      The stoichiometric basis of the active-site titration of the hydro-
Zytic enzyrne rnay be represented by the reaction scheme 2.1, which repre-
sents thb overali pathway for ct-chymotrypsin, trypsint elastaser subti-
lisint papainr and acetylcholinesterase reactions (35)36År•
                    •K k k
                                    23          s
          , E+S Es-ES,-E (2.1).
                                          + +•
                                          PP
                                           12
Heret in the .present case, E is subtilisin BpN'; S, the substrate, pNPA;
ES, the DCi.chaeiis complex; Es', acyl-enzyme inte=Tnediate; ?lr P-nitrOPhe-
nOl; and P2, aeetate. The conversion of E and S into ES' and Pl can be
                                -11-
 eonsidered a stoichiometric reaction with respect to-an individuai ac'tive
 site. If this process can be observed be'fore the turnover (regeneration)
 of the enzyme occurs, then a direct measurernent of the active enzyrne
 concentratÅ}on may be made.
      The most common set of conditions for observation of enzymatic pro--
 cesses, and the most important $et for the determination of the enzyrne
concentration, utÅ}lizes [S]. ÅrÅr [E]., where [S]. dnd [E]. is the initial
concentratzons of substrate CpNPA) andi enzyme (subtilisin BPN'), respec-
tiveiy. Under these cenditions a pre-steady state (acylation) and a
steady state (deacylation) may be observed, the former eften being too
East to measure, and the concentration of Pl liberated in the pre-steady
state, T ' (the magnitude of the apparent initial burst), is related to the
concentration of active site of the enzyme. For the reaction scheme 2.1,
when [S]. ÅrÅr [E].t the cencentration of p-nitrophenol liberated in tirne
t, [Pl]t can be deseribed by
                               -bt
            [P" =At +TCI -e ) (2.2)
where A = kcat[E].[S]. 1 ([Sl. +' Krn) (the steady-state rate) Åq2.3)
      b = {(k2 + k3) [S]o ' k3K.} 1 {K, + [S]o)
                                                     (an apparent rate
constant for the burst)
                                                                   (2.4)
                     '
                           'and T rnay be e)tpressed hs
    ."= [E]6{k21 (k2 ' k3) }2 1 {1 + (K.l [S]o)}2 (2•5)
           '
Here, Km and kcat are, respectivelyt the apparent Mchaelis c6nstant and
the catalytic rate constant {inoiebular activity)' {k2k3/(k2 + k3)} ob-
tained for che steady state phase of the reaction curve.
      At time when t ÅrÅr b holds, the 'expohential term of Eq. 2,2
aPproaches zero and Pl can be descri.bed as a linear fnnction of t,
                                   -12-
Fig. 2.i. Stopped-flow oscUlogram of the liberation oi p-nitrophenol
during the hydrolysis oE p-nitrephenyl acetate by subtilisin BPN'.
[subtilisin BPN']. = 2.0 rnglml, and EpNPA]. = 3.2 rnM in 20 mM pyrophos-
phate buffer, pH 8.5, aontaining 5.0t (vlv) isopropanol, 250C. Wave-
lengtht 405 nm. Scale: horizontal, O.5 secldiv.; vertical, O.05 Abs.!
div.
Since T is the intercept of a plot of [Pl] vs. t at t= Or it was meas-
ured from the stopped-ilow traces of the reaction profiles. Equatien
2.5 may be transformed into Eq. 2•7r
           T-112 # [E].-112 {(k2 + k3)!k2}(1 ' K,n![S]o) Åq2'7}
Frorn Eq. 2.7, the piot ef TT'-112 vs. [s].-i is expected to give a straight
zine whose intereept is [E]."112 {(k2 + k3)/k3}. rf the condition is met
                       'chat k2 ÅrÅr k3t the intercept of such a plot (as Fig. 2.2) would give
    -112[E] o
         and hence [E]. directly.
      Since for the hydrelysis of pNpA by subtilisin BPN', the ratie of
k21k3 has not been reported, it was calculated as iolZows. The pre-
                                                                      '
                                                                 'Steady state phase ot the reaction curve was anaZysed with the GuggenheÅ}m'
plot (37}t and the first-order rate constant, b, was obtained (1.64
-13-
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                              'Fig. 2.2. Dependgnce of the p-nitrophenoZ "burst", T, on the initial
       'aoncentra'tion of substrate, [S]., in the aetive-site titration of subti-
lisin BPN' by p-nitrophbnyZ acetate. SubtUisin BPN'; 2.0 mglmZ (72.7
yM assurTtLng leOts pure) in 20 rnM pyrophosphate buffer, pH 8.5, containing
5.0g (vlvÅr isopropanol, 250c.
sec-1 }. The ratio of k2!k3 1-ias calculated to be 50 from
      k2/k3 = {bTo(1 + [S]olK.)} l {V(1 ' [S]olK.) - bTo} (2•8)
where V is the maximum velocity obtained for the steady state phase of
tihe reaction curve, and T. is the magnitude of the initÅ}ai burst, T, ex-
trapolated to [S].- co in Eq. 2.5 (Fig. 2.2). !Phe actÅ}ve enzyrne con-
centration, [E].t was obtained from [E]. = IT.{l + k31k2)2i and ttie purity
of the enzyme preparation was calculated to be 74.7t.
      The active-site of subtiZisin BPN' was titrated also with IV-trans-
cinnamoyl imidazole. Equal volurnes of the enzyrne selution in 25 mM phos-
phate buffe.r, pH 7.00t ionic strength O.1 M (NaCl), and the titrant solu-
 'tion in the sarne buffer eontaining acetonitrÅ}le at 6.41 •(vlv) were mi.xed
             'with a Union MX-7 sarnple rnixing unit. The final concentration of the
                                  -l4-
                    t, -
 enzyrne was O.54 mqlml (l9•6 UM assurninq the enzyrne preparation to be
 loo" pure) and that of Ai-tvans-cÅ}nnamoyl imidazole was in the range be-
 tween 13.2 uM and 76.9 labl. The ratio of k2!k3 for the hydrelysis of
 AI-trans-cinnamoyl inidazole by sulotilÅ}sin Novo, which is believed to be
 identical with subtilisin BPN' (38,39)r has been reported te be 186 Å} 20
 (35) satisfying the requirement oi k2 ÅrÅr k3. Accordingly, the magnitude
oÅí the burst, T., was considered to be the same as the active enzyme
 concentration in this case; and the purity of the subtilisin BPN' prepa-
ration was caiculated to be 74.6ig.
      The values of the purity of the subtilisin BPN' preparation thus
deterTnLned by the•two different titrants are in good agreement with eaeh
other, and 74.7t is used throughout this study. •
      EÅrTayme aetivity measuT,ement. The esteroZytic actSvity of subtili-
sin BPN' was rneasured spectrophotometri'cally with pNPA as substrate.
The reaction was initiated by mixing equal voiumes of the enzyrne solu-
tion in 20 rnDC pyrophosphate buffer, pH 8.50 and the substrate solution
in water containing isopropano! at 10.01 Åqv!v). rncrease in absorption
at 405 nm due to the liberation of p-nitrophenol was followed at 250C
                                               '
with a Shimadzu uv-2oO =ecording spectrophotometer. The rnolar absorp-
tivity at 405 nm of p-nitrephenoi at pH s.50 was taken to be Z.76 x 104
M'-1cm-1.
      Measzt?ement of inhibito? acttvity. The inhibitory activity of SSX
against subtilisin BpN' was a$sayed spectrophotometrically under the
                                                                 'sEune conditions as the enzyrne aetivity measurernent with •pNPA aS' isub-
Strate• The enzyme and the inhibiter were mixed first, Emd after keeP-
ing the mixture at 250c for ten ninutes the reaction was started by
adding the snhstrate solutien. For the measurement with a stopped-flew
                                -IS-
apparatus, however, the substrate and the inhibitor were mixed first,
ahd the react•ion was started by nixing the substrate-inhibitor mixture
and the enzyrne solution (also refer to tine section of Detexvntuation of
                                                              '
                                      'the pupity of smbtiZtsin BPiV' preparatzon}. .
      Titration of sztbtiZtsin BPN' with SSI by uZtravioZet absorption
differenee spect?ophotometry. Difference spectra observed on the bind-
ing OE SSI and subtili$in BPN' were recorded with a HLtachi Model 323-
2000 recording sipectrophotometer with an expanded scale CO.04 IU)s.lfull
scale}. [[)wo pairs of matehed cuvettes of l qm light path length were
used. To an enzyrae solution, 1.6S vag!ml Åq44.8 uM taking into account
the purity of the enzyrne preparation)-in 25 mM phosphate buffer, -pH 7.0
(the ionic strength was adjusted to O.l M with NaCl-År was added the equal
                                      '
volume oE SSr solution in the sarne .buffer at various concentrations up
to 2.0 mg!ml {O.Z74 rttM). The ultraviolet absorption difference spectra
were tecorded aftet 'holding the mfi.xture at 250C for 10 min.
2.3 - Results
      Absorption speetmm of SSI. Eigu=e 2.3 shows the ultraviolet
               'absorption spectrum of SS: in 25 rnbd phosphate buffer, pH 7.0, ionie
                     '
                   '
                                           '
      'strdngth o.l M (Nacl). Thd absorption maximurn is at 276 nrn, and the
                                                                 +
ratio A2so!A276 is O•431 and A2so!A276, O•985•
      Xnhibition of subtiZisin BPN' by SSr. The inhibition by ssl of
        '
                                 'the hydroiysis of pNPA by subtilisin BPN' is shown in Eig. 2.4. A good
linear relationship is observed betwben the remaining enzyrne activity
                                                         'apd the inhibitor concentration. There is the distinct point of coni-
                        '
                                     '
       'plete inhibition, at which the •concentration ratio of subtiiisin BPN' to
                         '
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                             '
                 240 260 2eo 300 320 340
   L WAVELENGTH Cnm)
     '
                                                                JFig. 2.3. UZtraviolet absorption spectrum of SSI. SSZ: O.572 mglrn1
(49•4 VM) ,in 25 rnbC phosphate buffer, pH 7.0, ionSc strength O.l M (NaCl),
2SOc.
SSr is 3.IS : 1.00 (in rnglrn1 units).
      Xnhibition of the pre-steady state as observed by the stopped-flotu
method. The .inhibition experi:nent was carried out also with a stopped'
fiOW apparatus. pahe oscilloscope traces of the reaction curves are shown
in Fig• 2;5• In the absence of the inhibitor (Fig. 2.5r a)t a clear bi-
phasie curve with a initial burst and the steady state phase -is recorded•
AS the inhibitor concentration increases (Fig. 2.5, b,c)r there are
observed not on-ly deereases in the rate of the steady state' phase bUt
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Fig. 2.4. rnhibition of subtilisin BPN'-cataZyzed hydrolysis of p-nitro-
                                               -2phenyl acetate by SSI. Subtilisin BPN': 2.30 x 10 rnglrnl CO.826 vM
assuTning 1001 pure)i p-nitrophenyl acebate-: (a), O.710 TnM and (b), O.406
TnM. 20 raM pyrophosphate buffer, pH 8.50, containing 5.0- (vlv) isopro-
panoX, 25eC. [subtUisin PPN']•.1[SS:].= 3.IS (w!w} at the saturation
point. Mhe residual activity beyond the saturation point Å}s due to the
non-enzyrnatic hydroiysis of the sul)strate.
a•Zso the disappearance of the initial burst.
     Titration of szthttZisin BPN' with SSI by uZtravioZet absorption
difference speetra. Figure 2.6 shows the ultraviolet absorption differ-
ence-spectra produced on the mixing of SSI with subtilisin BPN'. The
spectra refZect seme changes in the environrnent of both tryptophyZ andi
tyrosyl residues caused by the these proteins.
 '
 ' Pigure 2.7 represents the pZot ef the difference betwe.en. AA
                                                            and
                                                              288
AA2g4 Of the sPectra as shown Å}n Fig. 2.6 against the concentration of
                                 -ls-
.                   O2468 IO
                          TIME (sec}
Eig. 2.5. Stepped-tiew oscillegrams shewing the effeet of SSI on the
smbtUisin BPN'-eataiyzect hyclroiysis oE p-nitrDphenyl acetete. [subti-
]lpisin BPN']. = e.Be3 iuglml {2].S v)E teking the purity, 74.71, into ac-
ceunt). {p-nitrophenyl aeetate]. = O.922 snl6. ÅíSST monomer]. = (a), O;
                                                            '(b)r 7.Se p"S; (c), 15.6 pM} and (d), 23.7 p}S. 20 :mbG pyrophosphate '
buffex', pH S.50, eantaining 5.0* Cvfv} isoprepanelt 250C. Wavelength, -
40S nm.
SS!- There Ss the dÅ}stinet peint ef saturation, ab which the concentra:
                                        'tion ratÅ}o oi subtil-i`sin BpNi te.ssx is 3.15 : 1.0e {in mg!tu1 units).
     EvaZuatt"n oS irkibition tnzd bindin.g ei?utvaZenee. The concentra-
tieR ratie oE suhtilisÅ}n BpN' te ssl at the pvint of cornplete thhibitien
(Fig• 2•4) and the value at tihe peint es sat"ratien in binding (Fig• 2-7)
agree Very well with eaeh ether iRutcating tihe steiehiomet=ic binding
                      .OÅí SS: Yo a specSfic site ef the enzy;ne. ehe average ef the two valuais
                               - l9 .-
                 • 280 500 320 340
                                WAVELENGTH {nrn}
                                                                  '
   Fig. 2.6. Ultraviolet ab$orption difference spectra observed on the
                                                              '
   binding of SSI and subtilisin BPN'. [subtiZÅ}sin BPN']. = O.735 mg/ml
               ''
    (26.7 uM .assutning 100* pure); [SSI]. = (,a), O.S50 mglml; (b), O.l50
   mglml; and Åqc), O. 25 rnM phosphate buffer, pH 7.0, ionic strength O.1 M
    (NaCZ), 250C.
                          '
          '
            '
   gives subtilisin BPN' : SSZ = 3.IS : 1.00 (in mg!ml units). 1when the
           '
   purity of' the enzyine preparatien, 74.7x and the molecular weights 6f the
                       '
   two proteins (subtilisin BPN', 27,500; SSr, il,500) are taken Å}nto ac-
            '
   count, the ratio turns out to be O.99 : 1,OO in molar basis. r't is con-
          '
                    '
-
                                                     '
   ciuded accordingly that one molecule of SSX stoichiometrically binds and
                                  '
                                                       '
                                            '
   inhibits one molecule ef subtiZisin BpN' Csee Discussion 2.4).
      '
                                         '
                                     ]
         The type of inhtbition and esttmation of Ki. The linear plots of
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Fig. 2.7. Difference spectral titration of subtilisin BPN' with SSI at
                                                                       .pH 7.0, 2SOC. conditibns are as in Fig. 2.6. [subtilisin BPN'].![SSr].
                                                '= 3.16 (wlw) at the saturatien point.
         '
the kinetic data of subtilisin BPN' with and without SSZ exhibited appar-
ently a typicaZ noncempetitive type inhibition profile CFig• 2.8}.
Detemination oE the inhibitor constant, Ki, of SSI against subtilisin
BPN' vJas atternpted by the method of Green and Work (1953) (40) and othe=
methodS of linear plotting. A value (3.s Å} 1.5} x 10-10 M was obtained
uszng the equation of Henddrson Åq1972) (41) which descxibes the steady
state kinetics of the enzyme with tightly bound inhibitors; howeverr en-
zyme eoncentrations of the order of lo-7 M had to be used in the present
aSSaY System, which are semewhat too high to obtain a very aceurate K.
                                                                    i
ValUe.
 IY is safely stated, at present, that Ki of SSI against Subtili-
sin BPN' is less than xo-9 M at pH s.s. The K. debernination with more
                                             i
sensitÅ}ve assay ,rnethods have been under investigation (kineL.ic investi-
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Fig. 2.8. Apparent noncompetiti.ve inhibition of subtilisin BPN'-cata-
Zyzed hydrolysis of p-nitropheny! acetate by SSI. [subtilisin BPN']. =
        -25.0 x 10 mglml Cl.36 uM taking the purity, 74.7*, into account.
[ssi]. = (a), o mglml; (b), s.o x lo-3 mg!ml; cc), 7,o x lo-3 mglml.
20 mM pyroPhosphate buffer, pH 8.5, centaining 5.0* (vlv) isopropanol,
250c.
    '
gation: Tonomura, B., Azuma, T., and Hiromi, K.t unpublished results;
fZuorescenee titration: Uehara, Y., Tonemura, B., and HLromi, K., unpub-
lished results).
2.4 Discussion
      Detex?nination of abse7ptivity of p?oteins. !n the present study
                   o.Ig
                         of each protein calculated irom its arnLno acidthe absorptivityi E
                   1 cm'
cornposition was used throughout. Ratios of the observed values to the
calculated values of the absorptivity for SSZ are O.991 (276 rum) and
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l.o18 C280 nrn); and for subtili$in BPN't 1.014 (278 nm) and 1.024 (280
nm}. These figures fall in the range of the ratios for some other pro-
                                          O.ikteins Zisted by Wetlaufer {42). A value E
                                          {278 nm) = Z.17 obtained
                                          1 cm
for d"sopropyl phosphoridate-inhibited (DIP) subtilisin BpNt by lvatsu-
bara et aZ. (43} has been used widely in the literature as the al)sorp-
tivity of this enzyme. If this value is empZoyed' in the present ease,
the purity of the enzyme preparation will be 82.2$, and the molar ratio
of the inhibition and binding equivalence wiZl be 1.08 : 1.00; the pres-
ent inference that a mole of SS: (monomer) binds and inhibits one mole
of subtiZisin BPN' need not be changea by this.
      Conrpettttve inhibittQn of SSi against szcbtiZistn BPIV'. The inhi-
bition of the pre-steady state observed by nhe stopped-flow rnethod
suggests that SSZ inhibits the hydrolysis of pNPA by subtilisin BPN'
either at or before the step of the acyl-enzyme CES') forrnation in che
reaction scherne 2.1. This is interpreted, for the reasons described
belowt as tihat SS: cornpetes with pNPA for the active site of the enzyme,
though the apparent noncompetitÅ}ve inhibition mentioned in Resu•lts 2.4
may seem to suggest the fo:mation of the inactive ternary complext !ES.•
Xt has been recognized that an inhibitor with a high affinity to an en-
zyrne exhibits apparently the noncompetitive type iphibition even iÅí its
inhibition mechanism is eornpetÅ}tive with the substrate (44År•
             '
      The apparent noncompetitive inhibitÅ}on is ev•ident especially when
the activity assay is started by adding a substirate into the pre-mixed
SOIUtion of the enzyrae and the inhibitor, as was done in tihis study•
This is believed to be due to the slew dissociation of nhe enzyme-inhib-
.itOr cOmplex in the final reaction mixture, which results in the decrease
Of the actual initial concentration of the active enzyme. Mhis view is
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endorSed by the-obServations that the degree of ihhibition waS lewer
               '
                   -when the activity as$ay was started by adding the enzyme inte the mixture
of the substrate and the inhibitor allowing the competition between them,
                                                                         'and that thi$ phenornenon was more clearly seen at tine low cencentration
of the inhibi,tor and hard to detect when a better substrate like casein
was used instead of pNPA.
                                                           '
      The abOve eonclusion oÅí Åëompetitive inhibition is 'suPported by the
fact that DrP-subtili$in BPN' and carbobenzoxy-X,-alanyl-glycyl-1-phenyl-
alanine chloromethyl ketone-inhibited (ZAGPCK) subtilisin BPN' fail to
produce the Complex with SSI as monitored by gel filtratÅ}on With Sephadex
G-100 •(45). :n this connection, it has been dernonstrated that SSI com-
                                                                    --6petitively inhibits bovine a-chymotrypsin with IC. of (3.0 Å} •O.7} x IO
                                                i
M (see Chapter Five,). The above. interpretation ,seems reasonable also en
the 'analogy of the cases, of bovine pancreatic trypsin inhibitor '(Kunitz}-
bovine' trypsin Åq10).qnd soybean •trypsin inhibitor CKunitz)-porcine
trypsin C•11}, for whÅ}ch• the x-ray crystallographic analyses have sug-
gested that the inhibitors are bound to the,catalytic site of the enzyTne
in the forTn of tetraliedxal interTnediate.
      SSI as an aettve-site titnant oj' sztbtiZisin BPN'. since the stoi-
Chiometry of the bindÅ}ng and, inhibition has bpen accurately deterndned'
here (Figs. 2.4 and 2.7). ,SS! can be recommended as• a usefuZ titrant bf
thei actiVe-.site of' sul)tilisins in view of the present statuS that there
is no good 'actiVeLsite titrant fer these proteinases: in the case of
                     '
pNPAt I2/k3 is•'not large enough as deter:nined in this study (Experimental•
Procedures 2.2)-, and in the case• oE AI-trans-cinnamoyl imidazole, wh•ich
                                 'has been 'used widely for subtilisins (35), the large absorbance change
due- to the intermediate, cinnarnoYl-enzyrne, may possibly prevent one from
                             L
    '
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the accurate deterTnination; moreover, considerabZe degree of spontaneous
hydrolysis of these titrants in the pH region optimaZ for subtilisins
makes the active-site titration troublesome.
      The recommended method for the activetsite titratien of subtilisin
BpN' by the use of SSI is as follows. The es,terolytic activity oi sub.
tÅ}lisin BpN' is measured spectrophotoMetrically with pNPA as substrate.
A pNPA solution of about 1.0 mM in water containing 10.0$ (v/v) isopro-
panol and a pre-Mixed solution of enzyme and SSr Csul)tilisin BPN', O.05
mg!ml, 1.82 uM assuming the enzy:ne preparation to be 100* pure; SS!, O -
O.02 mglml, O - 1.82 vM as monemer) in 50 rnM phosphate buffer, pH 7.0
are prepared. The reaction is initiated by ndxing equal voZumes ef the
pNPA soZution and the SSI-subtilisin BPN' Tnixture soZution in the opti-
cal cuvette at 25ec, and the initial velocity, v, for the reaction can
be directZy detemined• from the progress curve at 405 nmt for the spon-
taneous hydrolysis of the substrate is alrnost negMgible at pH 7.0. The
initiaZ velocity of the reaction must be deterrnined at least two SSX
concentrations; in addition, the blanck must be taken ([SSZ]. = O M).
When V is plotted against final SSZ concentration, [SSI]., (as Fig. 2.4),
V is expressed as v = v. + a[SSI]., where V. is V at [SSI]. = O M and a
              '
.is a constant describing the slope. The extrapolated value of [SS:].
                                                        'tO V - O, - v.la, corresponds to the active-$ite concentration of the
preparation used of subtilisin BPN'.
      '
      The absorption differenee speetrten obser'ved on the binding of SST
                                        'andl sttbtiZisin BPN'. The difference spectra obsetved on the mixing of
SS: and subtilisin BpN' (Fig. 2.6) are attributable to the speeifiC
interaetien between the two proteins. The shape of the diijference spee-
tra Suggests some ehange in the environment of both.tyrosyl and trypto-
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phyZ residues. The environmental change may include the electrostatiÅë
one of tryptophyl residues a$ indicated from the small peak at 300 nm
 (46-48}. The states of the$e aromatic arnino acid residues and their
changes on the enzyme-inhibitor complex formation wiZl be deaZt with in
detail in Chapter Six'and Chapter Seven, respectively.
                                                                        i
2.5 ' Surnmary ,
                                                                        l'
      The stoichiemetry of inhibition and binding of Stpeptomyees subti-
lisin inhibitor, a protein proteinase inhibÅ}tor produced by St?epton41ees
aZbog?iseoZus S-3253 (21-23) towards subtiiisin BPN' was studied. The
inhibition of the hydrolysiS of p-nitrophenyl acetate by subtilisin BPN'
was measured, at the pre-steady state and at the steady state. The
stepped-floW study of the pre-steady state demonstrated the disappearanee
oE the initiaZ burst of the enzyine reaction. [rhe uitraviolet absorptien
                                                                        ;
difference spectra were observed on mixing the inhLbitor and the enzymer
                                                                        '
suggesting some change in the environment of tryptophyl and tyrosyZ
residues in the protein$. Titration by means either oi the degree of
inhibition at the steady state or of the magnitude of the ultraviolet
qifference absorbance revealed that one protomer (molecular weightr ,
11,509) ef the inhibitor binds and inhibits ene rnolecule of subtilisin
BPN'. tuhe inhibitor censtant, K., for subtilisin BPN' was estiTnated to
                                i
                                                                        :-9be less than 10 M at pH 8.5. A new menhod fer active-site titration
of subtilisin BPN' with SSr was proposed.
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            Chapter Three
       The Deternination oE Molecular Weights of Stpeptomyees
       subeilisin Xnhibitor and the Complex of Stveeptomyces
      Subtilisin Inhibitor andi SubtÅ}lisin BPN' *
3.1 Introduction
     -In the previous Chapter, it was described that• one monomer unit
of SSI of molecular weight 11,500 binds and inhibits one moZecule of
subtilisin BPN' stoichiornetricalZy. This molecuZar weight of .SS: was
calc'ulated from the amino acid cemposition {Fig. 1.1) (27).
       The molecular weight .of SS:, however•, was tirst reported to be
27,OOO by gel filtration on a Sephadex G-100 colum (23År and to be
12,OOO by SDS polyacrylaraide gel electrophoresis (49). From thÅ}s dis-
crepancy was suggested the possibility Qi dimerization of $SX molecule
Xn solution. The dimerie structure of SSI in crystal was also suggested
from X--ray crystaZlography (28). The view that SSr exists as a dirner
(I2) eOMposed of identical subunit$ is consistent with the results of
binding and inhibition equivalence shown in the prevÅ}ous Chapter• • .'
HOWevert the pessibility remains to be examined,•that SSr dissociates
XntO MOnOmer (Xl) upon binding of the enzyme (E) and that the enzyme-
inhibitor cornplex is in the forrp of one molecule of enzyme with a mono'
Mer
 ef inhibitor (EIII) as in the case of plasminostreptin (Suginot H•
and KakinuTna, A., unpublished reSuZtS)•
' A Part oE this study was presented at nhe Annual Meeting Qf nhe BiO-
  PhYSical Society ef lapan (Tokyo, october 1973) (b).
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       The present study in this Chapter was initiated to determine the
moZecular weight of SSI in solution and that of the enzyme-inhibitor
 complex by u$ing sedimentation equilibrium rnethod. Especially, in order
 to detiect the di$sociation of SS: into taonomer, the molecular weight of
 SSr was measured at the low protein concentration.
3.2 Experimental Procedures
      P?oteins. A thtee times Crystallized and lyophilized preparatÅ}on
of Sti'eptomyees subtÅ}iisin inhibitor, SSI, was'kindly 'suppUed by Profes-
sor S. Murao. A three times crystallized prepa'ration of soybean trypsin
inhibiter ÅqKunitz} (Lot No. 54B-0720) was a product of Sigma Chernical Co.
A three times cFystallized preparation of subtilÅ}sin BPN' [EC 3.4.21.141
was purchased from Nagase Co. & Ltd., Osaka (Lot No. OI026). The purity
of the preparation was deterrnine"d to be 74.7$ by the method described in
the previous Chapter (Experimental Procedures 2.2).
      Protein concentrations were determined spectrophotometricallY with
a Shimadzu uv-200 recording spectrophotometer. The absorptivities,
E2':i:(280 nm')•t of 1.066, O.81Q, and, 1.004 were used for subtilisin BpN',
SSr (Experimentai Procedures 2.2) and' soybean trypsin inhibitor (KunitZ)
                                                          +(5e), respectively.
      P.roteins were dissolved in 25 rnM phosphate buffer, pH 7.0, ioniC
strength O.1 •M (NaCl).
      ITThe compZex of subtiZisin BPN' and SSL A crystallized and ZyophS'
iiqed preparaticn oE Ehe cemplex of subtiii$in BPNi and SSr obtained
aCcording to the previously reported rnethod (45) was generously ' supplied
by Professor S. Murao. The preparaeion showed a single band on polyacry1
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                            -
               ,r.[tl Di e llo (ED(b) 0
Eig. 3.1. Polyacrylamide gel electrophoresis of Ca) subtilisin BpN'-SSX
complex, (b) mixture of subtilisin BPN' and SS!t and (c) SSr. Sarnple
solutions were applied to polyacrylamide separating gels at pH 9.5. The
gels were stained with Coomassie BriZliant Blue R--250 and destained by
leaching with 7.5g acetic acid.
    '
amide gel electrophoresis at pH 9.5 (Fig. 3.lr a)•
      Deter7ntnation of the pa?tiaZ specifie VoZzmie of SSJ. The partial
specific volurne, D, of ss! used in the ultracentrifugal experimelnts was
Measured with a S-ml ostwaZd pycnometer (52). Meniseus was adjusted in
a water bath at 2s.oÅ}o.loc, and room tempdrature was adjusted to 24.00c.
A Sartoriu$ 2442 ehemical baiance was used for weighSng. The rneasure-
MentS with pycnometer were carried out at six dÅ}Eferent qonceptrations
Of the inhibitor between 5.3 mglrn1 and O.5 mglml, and the measurement
WaS repeated at least IO times at each concentration.
     . The " of Ssx was alse theoretically calculated based,on the and,no
aCid cetnpositions (27) and the values of partial specifÅ}c volume of each
aMino acid according to the method of Ma"leekin (52)53)•
      VZtraeentnifugal methods. Au experiments were performed either
                               'With a Beekman spinco Model E analytical ultracentriEuge or with P
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Hitachi UCA-IA analytical uZtracentrifuge. The Beclcrnan Spinco Model E
abas equipped with an electronic speed control, a rotor temperature indi-•
cator and control ÅqRTZC} unit, ana phase-plate schlÅ}eren-Rayleigh inter-••
ference optical system; and the HiF.a. chi UCA-IA was equipped with an.
electronic speed control, an RTIC unit, and a split-bearn photoelectric
scanning apparatus Åq54), Hitachi UVC with a dif'ferential circuit
                                                                    '
and an alosorbance scale expander (2.5 - 20 times) rnade by the author. t
The expander is equipped with an external circuit to appiy the off-set
voltage, with which the Hitachi uvC photoeleetrie scanning apparatus is
                  '
improved te record the absorbance change of O.05 - O.25 in the full
scale.
     When the initial prote'in concentration was over about O.6 in ab;
sorbance at 280 nm, the, Beckman Spinco Model E was used, and schlieren
and Ray!eigh interference patterns were photographed on Fuji speÅëtro-
s'copÅ}c plates, Process Panchro Type. When the initial protein concen-
tration was below about O.6 in absorbance at 280 nm, the Hitachi UCA-IA
was employed and sedimentation patterns were recorded with a photoelec-
tric scanning apparatus Hitachi VVC. All photographic plates were read
on a Nikon'Model 6C tiwo dimensional nicrocomparator.
      F;uoroca=bon FC-43 was used as a bbttom liquid;
     Sedimentation veZocity.' sedimentation velocity studies were per'
formed to determine the sedimentation coeEficients of SSI and the coM' J•
plex of SSr and subtilisin BPN'. Ultracentrifugation was run at 25.00C
                                                                     l
using 12-mm Valve type synthetic boundiary cells. For ssl, the schlieren
otpics of the Beckman Spinco Model E was applied and photographs were
taken on Fuji speetroscopic plates, Process Panchro Type with an appre-
priate time interval. Subtilisin BpN'-SSI cornpZex has very low solubil'/
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 ity; it disselved in buEfer solution at about O.5 mglTnl at maximum under
 the conditions used• The schlieren optics is not sensitive enough te
'detect this low concentration of proteinr therefore, ultraviolet absorp-
 tion scanning optics was used on the Hitachi UCA-IA analyticaÅ} ultra-
 centrifuge at 280 nm at'25-OOC. Absorbanees at 280 nm were scanned
                                                              t- -Fthroughout a Ziquid colurnn in the cell and were recorded at approPrÅ}ate
 time intetvals durÅ}ng the sedirnentation process. Sedimehtation •coeffi-
             were calculated according to Schachrnan C51). ''
 eients s
       . 20,w
       Sedtmentutien equiZibrizan. With the Beckrnan Spinco Model E ana-- '
                                               '
 lytical ultracentrifuge, a!! experiments Were perfermed with five dif-
 feirent protein concentrations at one run at 25.0"C, with doubZe $ector
                                                              rcells having a 12-mm light path and f'itted with quartz windows on an
                                                          .
                                            '
 IM-G rotor.
       Synthetic boundary experiments using the capiZlary-type synthetiC
 boundary cell wer'e inade with each s61utio'n to give thd concent'ration in
 terrns of area on the photographie plate. ' .
       The experiments were also perfoirmed with a sirnple 12-irorn alurnLnium
 dOUble-seetcr cell and quartz windows in the HitachÅ} VCA-IA analytical
       Detemination of moleculat weights using the hi'gh speed sedimenta-
 tiOn technique (55) was performed at inÅ}tial concentrations of les's
 than 1•O mgltu1. [vhe attainment of equilibrÅ}utri was checked at 2 hr in-
 terVals near 'the end of the experiment until an equilibriurn diistribution
 WaS Observed. Low speed sedimentation equilibrium studies {56J57) were
 PerfOrMed with soxutions having an initial protein concentrations ef X:O
 - 3'O Mglml• In alJ such experiments, overspeeding rotatibri to reducd '
 the time to reaÅëh equilibrium was ernpleyed {57). ' '
                               '
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    , Before the use of the Hitachi UCA-]A ultracentrifuge with the ini-
tial concentration of protein below O.1 mg!mi,.the fidelity of the appa-
ratu$ was testea by performing the simiZar experÅ}ments. with 4 protein of
known molecular weight; soybean trypsin inhibiter CKunitz) was chosen as
the reference protein and its rnolecular weight,was aetemined with the
initial concentration oE O.0292 mglml. . .
              '
      Weight aver4ge rnolecular weight {Mwt) and loc.al weight ave;age mo-
lecular weight ÅqMwÅqr)) were obtained by Eqs. 3.1 and 3.2, respectively
                     2RT(Cb - Ca)
               Cl-Dp) tu2 co(rb2-r.2) '
                   '
           ' 2RT d{Zn C(r)}
                                                                   (3.2)
       MwÅqr) =
                         22
               (1 - "p•} tu
                            d(r             }
where ra :. position of .the meniscus from the center of rotation,
      rb : positien oi the bottom from the q'enter of rotation,,
      C : protein concentration at the meniscus in mg/rnlt
       a
      Cb t protein concentration at the bottern in mglml,
      to : angular veZoeity of the ro.tor,
      p : densi•ty of the solvent,
      C. ; initial prqtein concentration ih mglmlt
      R : gas constant,
    ,T : absolute -temperature in Kelvin.
                                                  '
      Sedimentation equiZibriwn of the mixtur,e ef SSI and subtiZisin
BPIV'. The molecular weight pf the subtilÅ}sin BPN'-SS! complex was de'-
                               ttJtermined, in additiQn to the sedimentation equtlibrium ,of the subtilisin
BPN'-SSX complex preparation, by appXying the •treatrnent of sedimentatiOn
equilibrium of multicornponent-polydisperse system to the,.rnixtu;e solu'
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tion of the enzyine and SSI• !n the rnixture solution, subtilisin BpNt
and ss! were dissolved at the ratio oi 2.17 : 1.00 Cin mglml units).
sedimentation equilÅ}brium measurements were conducted with six different
concentrations of total protein between 2.67 - O.0666 rnglml. Taking
into account the purity of the enzyme preparation used, 74.7ts, and the
                                                           -9strong binding between the enzyme and the inhibitor, KÅ} Åq 10 M, •the
weight fractions of the species contained in the mixture soiution were
determined to be 72.13$ ior subtllisin BPN'-SSI complex, 10.61s for ex-
cess SSI, and 17.26g for inactÅ}vated enzyrne. The polyacrylamide gel
electrephoretic pattern of the mixture solution used for the sedimenta-
tion experiments is shown in Fig•. 3.1 (b). The rnj:ddle band is the inac-
                                            'tive form OE subtilisin BPN'.
    '
      Sedimentation anaZysis ef' muZtteomponent-poZydisperse system. For'
a systern in polyrnerization equilibrium, the guantity Mw" obtained by
sedimentation equilibrium is not identical with Mw value which would
indicate for the same solution if' it were not redistributed in the cen-
trifUgal fieldr even if all species behave ideally. In 6ther wordS, it
eannot simply be assurned that the Mw* valtie obtained corresponds to that
in a solution of a concentration c.t which would be ' ,
      1tw =
                                                               Åq3.3),
           ÅíCoi .•.
Where
 C.,i, represents the equilibrium concentration of tiie speciest i, Å}n
the absence of a centriEugal field. As Adams pointed out C60,61), the
COnSetVation of mass, even in the case ef chenicaZ equilibriumr iS iOr a
                                       '
                                                                   '
                                                           -
      co fz ig' c, (r) rdr. ' ' '
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